This work presents a combination of vibration-based method and speckle shearography in order to identify, locate and quantify the damage in composite structures. The experiments were carried out on laboratory specimens, which consist in cylinders made of carbon fiber and epoxy resin via filament winding process. Twelve composite specimens were considered in this study. , for intact and damaged structures, were obtained by using the excitation caused by an impact hammer and the signal gathered by two accelerometers sensors attached in suitable positions. The results were analyzed by using a new damage metric, where the metric values were compared in terms of their capability for identifying damage. After identifying the structural damage, there was application of the speckle shearography technique in order to locate and quantify the damage. In this technique, defects are usually detected based on the abnormity of slope fringes due to the fact that out-of-plane displacement derivative at the region with defects is much larger than that at the region without any defect. Finally, it was discussed the advantages and limitations to use vibration based method and damage metric combined to speckle shearography into the context of SHM.
Introduction
A variety of different Nondestructive Testing and Evaluation (NDT/E) methods have been developed for damage detection. Ultrasonic inspection and eddy current technique are good examples of mature, well-established technologies, which are widely used for crack detection. NDT/E techniques are often limited to single-point measurements and require scanning when large areas need to be monitored [1] . In recent years there have been a range of new damage detection techniques and sensing technologies. These methods allow for global, online monitoring of large structures and fall into the area of Structural Health Monitoring (SHM).
Regarding the above scenario, SHM is an acceptable way not only for minimizing the number of inspections, but also for maximizing the numbers of suitable inspection periods. Therefore, SHM can replace the traditional maintenance plan, reducing the airplane operation costs and preventing needless maintenances. For example, in case of composite structures, the laminate can be manufactured using not only structural fibers, but also piezoelectric fibers as sensors. These fibers consist on a part of the SHM system and they can aid on the identification and localization of the damage, as well as on the prediction of the damage extension. Therefore, the SHM system should return, continuously, during the structure lifetime, a diagnostic of the material state as well as the structure condition, which should be in agreement with specified by the initial structural project. However, the material state and the structure condition are changeable in function of the time due to aging, environment effects and service loading, casual events, among others. Based on the complete history, the SHM system can also perform a prognostic of the structure, for example, a prediction of residual strength. Thus, knowing the integrity of structures in service and realtime is a very important goal for manufacturers (project teams) and operators (maintenance teams). Specially, if the structure in question is made of composite material, as in this case, the prediction of damage and failure mechanisms during the design stage is extremely complex. It is noted that the composite structures not only exhibit anisotropy, but also heterogeneity, thus resulting in a unique process fails [2] [3] .
Due to the simple instrumentation and development of new powerful system identification techniques, SHM systems based on the structure vibration characteristics changes have gained an increasing worldwide attention in the last years. Important advances in this field have been discussed by [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , who have shown comprehensive reviews on SHM systems.
On the other hand, interferometry techniques have been widely investigated in the last four decades proven to be very effective and robust tools for nondestructive inspection of structures [14] [15] [16] [17] [18] . Electronic Speckle Pattern Interferometry (ESPI) and Shear (Shearography) techniques are two examples of optical techniques currently used for non-destructive inspection of composite structures. These are full-field techniques for measuring information on a surface and easily locate the disruption in structural response [19] . Leendertz and Butters [20] showed the Shearography principles through the construction of Michelson interferometer for measuring rotation fields. The Shear technique is only sensitive to the object spatial displacements gradient, which can be assumed small, and this is as a good approximation to the surface rotation field [21] . The damage identification using Shearography technique is based on comparison of two states of the object deformation. The type of excitation depends on the type of defect and the material used. The success of such techniques is influenced by several factors, such as material properties, type of defect and excitation method. Thermal, vacuum or transient excitations are most effective techniques to identify inter-layer defects [14; 17-18; 22-29] .
Based on the scenarios described above different studies have been developed by the authors of the present work. Medeiros et al. studied damage metrics and techniques for monitoring damage in cantilever aluminum beam [30] , investigated the variation of the structural response due to the presence of impact damage in composite cylindrical structures [31] and studied vibration based method, investigating debonding in bonded metal-composite joints [32] . They have also performed experimental and numerical investigations about the damage extension in filament winding composite cylinders damaged by low-velocity impact loading [33] and investigated the dynamic behavior of composite plates subject to damage by impact loading [34] . Thus, this paper presents an experimental methodology to identify, locate and quantify the damage in composite cylinders by combining different techniques, previously investigated by the present authors. Therefore, first, a new damage metric is presented using vibration based methods, which are applied in order to identify the presence of structural damage. Second, it was used the Shearography Speckle (SS) technique in order to locate and to estimate the extension of the damage. Finally, the advantages and limitations of proposed approach are discussed in the context of SHM system. 
Damage metric
Different modal parameters can be used to identify the damage in the structure, such as resonance frequencies, amplitudes, phases and vibration modes. These parameters must be chosen taking into account several factors, such as the type of analysis used, previously known experimental data of the structure, the type of sensors attached to the structure, as well as their location and the type and extension of damage to be identified. Hence, in the present work, a new damage metric is proposed not only based on FRFs magnitudes, but also on FRFs phases.
The proposed damage metric is used in order to determine the influence of the damage in the free-free vibration response [35] . It is important to notice that different measurements can be used to compute the FRF, such as acceleration/force, velocity/force, displacement/force, strain/force or piezoelectric (PZT) sensor voltage/PZT excitation voltage. The DI_GAP indicator (Global Amplitude Phase Damage Indicator) is obtained by computing the value for the frequency range of interest.
where the superscripts H and D represent the healthy and damaged structures, respectively. And, the subscripts i and k denote the location of the measurement and applied force, respectively. A(ω) denotes the amplitude, P(ω) denotes the phase, and ω denotes the frequency range. The DI_GAP expression returns value equal "zero", if there is no variation in the structural dynamic behavior, i.e. there is no damage in the structure.
Experimental analysis
The experimental analyses were performed on 12 composite cylinders. The composite cylinders are made of fourteen layers of epoxy resin reinforced by carbon fibers with three different stacking sequences: Type A, Type B and Type C. The cylinder geometries consisted in outer diameter of 163.7 mm and length of 145 mm. Firstly, the natural frequencies and the Frequency Response Functions (FRFs) for undamaged and damaged cylinders were obtained using two accelerometers (A 2 and A 3 ). The accelerometers were the model 352A24 or 352C22 lightweight structure as it can be seen in Fig. 1(a) . The accelerometer 1 (model 352C22 and sensitivity 9.94mV/g) was set on the position 2 and the accelerometer 2 (model 352A24 and sensitivity 99.6mV/g) set on the position 3. The excitation was created by an impulse signal (F 1 ) generated by an impact of a hammer PCB Model 0860C3 (Piezotronics). Dynamic excitation was performed at position 1 according to Fig. 1(a) . Damage on cylinders was created by using transversal impact tests, which were carried out for energy level of the 31J [36] . Figure 1(b) shows all the used equipment in the experiments. As observed, the specimen was hanged by using elastomeric wire to simulate a "free-free" boundary condition. The accelerometers and the hammer werelinked to LMS SCADAS Mobile equipment, which was controlled by the Test.Lab software (LMS Test.Lab). The LMS SCADAS Mobile was a plug and play equipment with multifunction analogy, digital and timing I/O board for USB bus computers.
Each signal consisted of 1600 points with a sampling rate of 1600Hz. The number of averaging individual time records was selected to be five in order to reduce the variation effects. This analysis can be evaluated comparing not only the FRFs, but also the coherence values. As proposed in the present work, after the vibration analyses, it was applied the optical technique shearography speckle in order to locate and quantify the damage extension in the structure. In this case, the temporal phase modulation technique was used to increase resolution, and thus, to measure the phase map corresponding to the rotation field that was produced by a given heat loading. For uniform application and undamaged structures, the response presents a uniform behavior for rotation field. And, this does not happen in the presence of damage, because material discontinuities along the thickness are identified due to amplitude disturbances of the rotations field in the damage regions, which results from thermal expansion and/or reduction of the flexural rigidity of the structure [37] .
The shearography system used in this work is capable to measure the rotation field of a surface with orthogonal movement to the measurement plane. The configuration of this optical transducer is based on the interferometer Michelson and uses the technique of temporal modulation phase (TPM) for extracting the phase map. The experimental setup was mounted on a Newport optical table in order to guarantee greater stability to the assembly and experimental measurements, see Fig. 2 . The damaged cylinders were simply supported on the table. The rotation fields were obtained by the measurements performed before and after the thermal stress, which was captured by the shear system via the technique of temporal phase modulation. The thermal load was applied on one side of the plate by heating the surface for 5 seconds using a 100W lamp, rising the surface temperature in 2ºC.
In the experimental procedure for measuring the rotation fields, the first four images of offset π/2 were acquired with the board in the initial position, whereas the remaining four were recorded after heating the surface and stabilized the position. In this process, the evolution of the fringes corresponding to the rotation fields was accompanied by real-time visualization of the interference map, which is obtained by subtraction between the captured image at every moment (distorted image) and the first recorded image (reference image). The set of eight images was processed through the phase calculation techniques, filtering and phase unwrapping, providing the rotation fields. The piezoelectric is controlled by a National Instruments PCI-6722 board via Burleigh PZ-70 amplifier. A highresolution Dalsa camera model and image acquisition Matrox Helios XCL board model are used for image acquisition. Eight images with 8 megapixel (2352x1728) and CMOS sensor were used. A program developed in MATLAB runs in order to control the mirror position offset, to acquire the images and to calculate the phase map related to the rotation surface. Figure 3 shows the results for the proposed damage metric, regarding the different cylinders and sensor positions. The main idea behind this approach is that elastic waves, propagating from the position where they are generated up to the location where the signals are sensed, can provide global information about the portion of the structure where those waves travelled. The damage indicator expression returns value "zero", if there is no variation in the structural dynamic behavior. Thus, it was possible to conclude that the cylinders Type C show a higher damage index when compared to the others type. Although this type of cylinder shows higher value for thickness, such behavior can be explained due to stacking sequence of the laminate (lower number of 90 o plies). After checking if the structure is damaged, the next step is the application of the shear technique by analyzing the disturbances in the rotation field in order to locate and quantify the extension of the damage in the structure. The phase maps obtained for the thermal loading can be observed in Fig. 4-6 , being the shearing value Δx of 10mm. The fringe analyses in the phase map in Fig. 4-6 show the presence of damage. It can be seen that because of the stacking sequence, the cylinders Type A presented a concentrated damage on the impact region. However, for the cylinders Type B and C, the damage is in the longitudinal direction. 
Results and discussions

Conclusions
This study presents a methodology to identify, locate and quantify damage in composite structures by combining different experimental techniques. First, it was used a technique based on FRFs and a new metric in order to identify damage, which takes into account the magnitude and phase of the FRFs. After, it was used an optical interferometric technique (Shear) by analyzing the disturbances in the rotation field in order to locate and to quantify the damage extension in the structure. Regarding the vibration based method, it is concluded that the FRFs does not allow effective detection of damage in composite cylinders. Therefore, this method should be combined to the damage metrics calculation. In fact, there are many advantages in employing the method based on FRFs in a SHM system for composite plate. For example, vibration-based methods combined to modal analysis provide global as well as local information on structural health condition and do not require direct human accessibility to the structure. Also, it can be provided the global behavior of the overall condition of the system. In some cases, the sensor can be embedded in the laminate structure, such as piezoelectric fibers. Also, the approach proposal has cost effective and easy operation, as well as potential for damage detection in flight with appropriate structural modeling.
Regarding the Shearography speckle, the experimental results confirm that the shearography speckle is a very useful NDE technique, because of its detection capacity for barely visible impact damages, which are not often detected by visual inspection. Moreover, shearography speckle can perform a quick investigation and brings others common benefits such as non-contact, scalable and full-field measurement. This technique is a really good alternative to estimate damage in composite structures, because composite materials can have different kinds of damages such as debonds, delamination, matrix cracking and fiber failure, and this estimation is very complicated. Therefore, the proposed methodology based on frequency response functions with the new damage metric combined to shearography speckle technique can be used to detect, locate, and mainly, to provide extension of the damage in composite structures. In other words, there is a good perspective for the application of this methodology in SHM systems for composite structures.
